A ntibodies are believed to play a critical role in resolving respiratory tract infections. In fact many parenterally delivered vaccines are tested for their ability to induce high serum Ab titers (1) , and passive immunization with serum Abs has been proposed as a solution to problems as diverse as the rise of antibiotic resistance and bioterrorist attack (2) . Although Abs have multiple antibacterial activities in vitro that have been characterized at the molecular level, the mechanisms of Ab-mediated bacterial clearance in vivo are not as well characterized.
In classic in vitro experiments, effector functions of Abs include neutralization, opsonization, and/or complement activation (1) . But successful respiratory pathogens have evolved mechanisms to avoid the effects of each of these. Activation of complement and lysis of bacteria is thought to be an important effector function of Abs to pathogens like Streptococcus pneumoniae and Bordetella pertussis (3, 4 ). Yet, in vivo studies indicate that S. pneumoniae possess surface structures that bind the complement regulatory component factor H promoting degradation of C3b deposited on the bacterial surface, preventing release of the chemoattractants C5a and C3a as well as formation of the membrane attack complex (MAC) 3 (5) . Although B. pertussis is rapidly killed by serum complement in vitro, this bacterium acquires resistance to complement in vivo by some unknown mechanism (6) . In vitro studies indicate that mAbs of IgG3 isotype raised against capsular Ags are effective in killing S. pneumoniae (4) . However, in vivo studies suggest a limited role for IgG3 following vaccination against this pathogen (7) . Neutralization of adhesins and toxins can prevent a pathogen from attacking or invading a mucosal surface, and opsonization facilitates phagocytosis of pathogens. Bacteria such as Pseudomonas aeruginosa and Haemophilus influenzae secrete proteolytic enzymes that degrade Igs to prevent neutralization and Fc-mediated opsonization and phagocytosis (8) . Although Abs can be effective in clearing these respiratory pathogens, their mechanism may not be the ones determined in in vitro experiments.
Determining the actual mechanism of Ab-mediated clearance during infection is dependent on a robust natural model of respiratory disease. Bordetella bronchiseptica is a Gram-negative bacterium that causes respiratory diseases in various nonhuman mammals including mice (9) . Therefore, the mouse B. bronchiseptica model has been successfully used to examine the intricacies of respiratory immunity (3) . Previously we have shown that Abs are necessary and sufficient to clear this bacterium from the respiratory tract (10) . This model offers an excellent opportunity to delineate the underlying in vivo mechanism of Ab-mediated bacterial clearance in the respiratory tract.
The respiratory system is comprised of complex tissues, which must remain relatively sterile despite exposure to heavy loads of pathogens. This condition is partly achieved by physical barriers, mechanical forces, and rigorous surveillance by the innate immune system (11) . Recently discovered pattern recognition receptors (PRRs) play a major role in mounting an immediate immune response against specific pathogens (6) . The best-studied PRR, TLR4, is known to recognize the LPS of Gram-negative bacteria and induce a potent proinflammatory response (12) (13) (14) . In fact TLR4 is critical for controlling respiratory pathogens such as P. aeruginosa, H. influenzae, and B. bronchiseptica (14 -16) . Although, many studies have described the involvement of TLR4 in the generation of adaptive immunity (17) , its role in the function of adaptive immune mechanisms has not been well characterized.
In this study we describe a novel role for TLR4 in mediating the effector functions of Abs in vivo. Our evaluation of Ab functions required for bacterial clearance in the respiratory tract suggests that complement is required predominantly for opsonization, and that CR3 and Fc␥Rs are required for phagocytosis. Furthermore, recruitment of neutrophils that express these receptors is a TLR4-dependent response and is critical for Ab-mediated clearance of bacteria. Together, these data suggest a model for Ab-mediated bacterial clearance in which the TLR4-dependent inflammatory response recruits neutrophils to the lungs where they phagocytose Ab-and iC3b-opsonized bacteria via Fc␥Rs and CR3. The complex combination of multiple Ab effector functions and the TLR4-dependent response reveals very close cooperation of innate and adaptive immune functions in clearing a pathogen from the body.
Materials and Methods

Bacteria
B. bronchiseptica RB50 (wild type) was obtained after a single passage from an isolate from the nose of a healthy rabbit (3). Bacteria were maintained on Bordet-Gengou agar (Difco) supplemented with 7.5% defribrinated sheep blood (REMEL or Hema Resources) and 20 g/ml streptomycin. Bacteria were grown in Stainer-Scholte broth with 20 g/ml streptomycin to midlog phase (OD of ϳ0.3 at 600 nm) at 37°C on a roller drum.
Mice
C57BL/6 mice were obtained from The Jackson Laboratory, and C3 Ϫ/Ϫ mice, which were backcrossed extensively onto a C57BL/6 background, have been described elsewhere and were gifts from Dr. R. Wetsel (University of Texas, Houston, TX) (18 
Inoculation, vaccination, and adoptive transfer protocols
Bacterial inoculum was prepared by growing B. bronchiseptica to midlog phase at 37°C in Stainer-Scholte broth. OD 600 of the culture was determined, and bacteria diluted in sterile PBS to a final concentration of 10 7 CFU/ml. An aliquot of this preparation was plated on Bordet-Gengou agar to verify the bacterial concentration. Mice were lightly sedated with isoflurane (IsoFlo; Abbott Laboratories) and 5 ϫ 10 5 CFU (except where otherwise stated) of bacteria in 50 l was placed onto the tip of the external nares. For the time course experiment, groups of four animals were sacrificed on days 0, 1, and 3 postinoculation. Colonization levels were determined by homogenizing the indicated organ in PBS and plating aliquots for colony counts. The nasal cavity and trachea were each homogenized in 500 l of PBS and lungs in 1 ml PBS. The homogenates and necessary dilutions were plated in 50-l volumes onto Bordet-Gengou agar with streptomycin. Colonies were counted after 2 days incubation at 37°C. For reinfection, animals were inoculated with 5 ϫ 10 2 CFU in 5 l of PBS by intranasal route. Twenty-eight days later, these mice were challenged with 5 ϫ 10 5 CFU of B. bronchiseptica in 50 l of PBS by intranasal route. On day 3 postchallenge mice were sacrificed and colonization levels determined as described earlier. For vaccination studies, animals were immunized i.p. twice at 2-wk intervals with 10 8 CFU of heat-killed B. bronchiseptica. Heat-killed bacteria were prepared by incubating bacteria at 80°C for 30 min. Two weeks after administration of the second vaccination, animals were challenged intranasally as described and sacrificed on day 3 postchallenge for determination of colonization levels as described. Intraperitoneal injection of 200 l of convalescent-phase serum, obtained on day 28 postinoculation from mice that were inoculated with RB50, into naive mice was immediately followed by inoculation as described. Animals were sacrificed on the indicated day posttransfer and inoculation and colonization determined as described. Animals were handled in accordance with institutional guidelines. Statistical significance of data points was determined using Student's unpaired t test.
ELISA
Ab titers of the sera used were determined as described by Kirimanjeswara et al. (10) . Briefly, B. bronchiseptica was grown to midlog phase and heat-killed at 55°C for 30 min. This culture preparation was coated on to 96-well polysterene plates. Test serum was diluted and layered on this plate and probed with secondary HRP-conjugated anti-mouse Ab (specific to HϩL, IgM, IgG1, IgG2a, IgG2b, IgG3, and IgA) (R&D Systems). Titers were calculated as the reciprocal of the dilution of the serum that was 0.1 OD 405 higher than the naive serum control.
Enumeration of leukocytes in the lungs
Total leukocytes were isolated from the lungs after collagenase type I and DNase I digestion as described previously (23) . Briefly, lungs were perfused with PBS and finely sheared with scissors. This lung homogenate was subjected to collagenase type I and DNase I treatment for ϳ3 h. This method shears and releases only lung parenchyma but not the cartilaginous bronchus region. The enzymatically treated homogenate was layered over Histopaque 1119 (Sigma-Aldrich) and centrifuged for 30 min at 3000 rpm. The leukocyte portion was collected, and the total number of cells was determined by hemocytometer. Individual cell types were determined by staining the isolated cells with modified Giemsa stain by a certified clinical laboratory technician.
Neutrophil depletion
One milligram of mAb RB6-8C5 (a gift from Dr. G. Huffnagle, University of Michigan, Ann Arbor, MI) was administered i.p. before bacterial inoculation. As a control, an equal volume of PBS was administered to mice before bacterial inoculation. Efficiency of neutrophil depletion was verified by counting polymorphonuclear cells (PMN) in blood smears collected 12 h after the treatment and was found to be almost 98% effective.
Results
TLR4 is required for Ab-mediated clearance of bacteria from the respiratory tract
PRR are known to play a significant role in innate immunity to pathogens (24) . We have previously shown that one such receptor, TLR4, is critical for controlling the respiratory pathogen B. bronchiseptica (22) . TLR4 d mice inoculated with a standard dose (5 ϫ 10 5 CFU in 50 l of PBS given by intranasal route) of B. bronchiseptica succumbed to bordetellosis as early as day 3 postinoculation, whereas TLR4 s mice survive and eventually clear bacteria from the lower respiratory tract (16) . TLR4 s mice harbored ϳ1,000,000 CFU in the lungs and ϳ10,000 CFU in the trachea, whereas TLR4 d mice harbored 100-to 1000-fold more bacteria in the trachea and lungs on day 3 postinoculation (Fig. 1A) . TLR4 d mice succumb to as few as 100 CFU of bacteria delivered into the lungs indicating TLR4 is essential for innate immunity to the bordetellosis (16) .
Because TLRs are also involved in generation of adaptive immunity (17), we sought to investigate the importance of TLR4 in adaptive immunity to respiratory pathogens. TLR4 d mice were able to clear bacteria from the lower respiratory tract by day 28 postinoculation when inoculated with extremely low doses (100 CFU in 5 l of PBS) deposited only in the nose (P. E. Mann and E. T. Harvill, unpublished observation), suggesting that TLR4 is not essential for the generation of Abs, which we have shown are sufficient to clear the trachea and lungs (10) . To assess the anamnestic response to subsequent infection, TLR4 s and TLR4 d mice convalescent from this low dose inoculation were challenged with our standard dose of bacteria on day 28 postinoculation. Both wildtype convalescent and TLR4 s convalescent mice cleared bacteria from the trachea and lungs by day 3 postchallenge (Fig. 1A) indicating TLR4 is not essential for the generation of efficient infection-induced protective immunity.
To investigate the requirement for TLR4 for vaccine-induced immunity, TLR4
s and TLR4 d mice were i.p. vaccinated with 10
heat-killed B. bronchiseptica and boosted with a second dose 14 days later. On day 28 postvaccination, mice were challenged with B. bronchiseptica by our standard regimen and the trachea and lungs were harvested 3 days later to assess bacterial numbers. TLR4 s mice had cleared bacteria from these sites by this time. Interestingly, TLR4 d mice harbored ϳ10,000 CFU in the trachea and 10,000,000 CFU in the lungs (Fig. 1A) . Together, these data indicate that TLR4 is critical for vaccine-induced immunity but not for infection-induced immunity.
Parenteral vaccines generate a high serum Ab response and we have shown that Abs are sufficient to rapidly clear B. bronchiseptica from the trachea and lungs of TLR4 s mice (10 (Fig. 1C) .
To determine whether failure of vaccination to induce protection could be explained by a defect in Ab function in TLR4 d mice, TLR4 s and TLR4 d mice were inoculated with B. bronchiseptica by our standard regimen and adoptively transferred 200 l of naive or convalescent-phase serum at the time of inoculation. TLR4 s mice treated with naive serum harbored ϳ10 7 CFU of B. bronchiseptica in the lungs and 10 5 CFU in the trachea on day 3 postinoculation, indicating that naive serum has no significant effect on bacterial numbers ( Fig. 2A) . In contrast, convalescent-phase serum reduced bacterial numbers by 99.9% to Ͻ100 bacteria in the trachea and lungs of these animals. TLR4 d mice treated with naive serum harbored ϳ100-to 1000-fold more bacteria than found in TLR4 s mice lungs and trachea on day 3 postinoculation. Surprisingly, convalescent-phase serum failed to reduce bacterial numbers in TLR4 d mice, suggesting that TLR4 is required for Ab-mediated clearance of bacteria from the respiratory tract.
Because the bacterial burdens in TLR4 d mice are ϳ1000-fold higher than in TLR4 s mice on day 3 postinoculation, it is possible that the total amount of Abs transferred was not sufficient to eliminate the very high numbers of bacteria in TLR4 d mice. (Fig. 2B) . Serum Abs are effective in clearing similar bacterial burdens from the lower respiratory tract of wild-type mice ( Fig. 2A) . However, transfer of serum had no measurable effect on bacterial numbers on day 3 postinoculation in TLR4 d mice, indicating that TLR4 is required for the in vivo antimicrobial effects of Abs.
TLR4 is required for the early neutrophil response, which is critical to Ab-mediated bacterial clearance
TLR4
d mice have previously been shown to be defective in inducing various proinflammatory cytokines in response to Gram-negative bacteria (25) . One of the possible reasons for the inability of serum Abs to clear bacteria from TLR4 d mice may be attenuated inflammatory cell recruitment as a result of a dysregulated chemokine response. To determine whether TLR4 is required for the 
Mice were sacrificed 12 h postinoculation and lung leukocytes were enumerated. The total lung leukocytes in TLR4 s mice were twice that of TLR4 d mice (Fig. 3) . No significant difference in the number of macrophages or lymphocytes was observed; however, the early neutrophil response was greatly reduced in TLR4 d mice. B. bronchiseptica infection results in rapid infiltration of PMN to the lungs (3). However, TLR4 d mice show a defective early PMN response, raising the possibility that PMN are critical in Abmediated clearance of bacteria. To investigate the role of PMN, we used mAb RB6-8C5, which has been shown to deplete granulocytes without affecting circulating and resident macrophages (26) . Groups of wild-type mice received i.p. injections with either PBS or 1 mg of RB6-8C5 mAb (neutrophil-depleted) (27) . Subsequently, these mice were inoculated with B. bronchiseptica and adoptively transferred either naive or convalescent-phase serum as previously described. On day 3 postinoculation, neutrophildepleted mice given naive serum harbored ϳ10 7 CFU in the lungs and 10 5 CFU in the trachea (Fig. 4) . As expected, mice treated with PBS and convalescent-phase serum cleared the bacteria from the trachea and lungs by day 3 postinoculation. In contrast, neutrophildepleted mice treated with convalescent-phase serum harbored 10,000-fold more CFU in the trachea and 1,000,000-fold higher CFU in the lungs than control mice treated with convalescentphase serum. Neutrophil depletion did not significantly alter the recruitment of macrophages or lymphocytes into the lungs of infected mice (data not shown). To rule out the possibility that mAbmediated depletion of neutrophils affected complement, we injected RB6-8C5 3 days before inoculation and observed the same failure to clear bacteria from the lower respiratory tract (data not shown). These data suggest that neutrophils are required for Abmediated clearance of bacteria.
Fc␥Rs are required for Ab-mediated bacterial clearance in the lungs
Neutrophils are known to clear extracellular bacteria by phagocytosis via various receptor-dependent mechanisms (28) . Fc receptors present on neutrophils can specifically recognize Ab-bound bacteria and facilitate phagocytosis (28) . The requirement for Fc␥Rs in Ab-mediated bacterial clearance was investigated using mice, which lack all three Fc␥Rs (Fc␥R Ϫ/Ϫ ) (19) . Groups of wild-type C57BL/6 and Fc␥R Ϫ/Ϫ mice were inoculated with B. bronchiseptica and with adoptively transferred naive or convalescent-phase serum as described previously. As before, convalescent-phase serum, but not naive serum, dramatically reduced bacterial numbers in the trachea and lungs of wild-type mice on day 1 and cleared the bacteria by day 3 postinoculation (Fig.  5A) . In contrast, convalescent serum did not reduce the number of bacteria recovered from the lungs of Fc␥R Ϫ/Ϫ mice (Fig. 5A ), indicating Fc␥Rs are required for Ab-mediated bacterial clearance in the lungs. Interestingly, the number of bacteria recovered from the trachea of convalescent-phase serum treated Fc␥R Ϫ/Ϫ mice was significantly lower than that recovered from naive serum treated wild-type or Fc␥R Ϫ/Ϫ mice (Fig. 5A ). These data indicate that Fc␥Rs are required for Ab-mediated clearance of bacteria from the lungs but not from the trachea.
To further determine whether any individual Fc␥R is critical for the Ab-mediated clearance of bacteria, combinations of mouse strains that lack one or more Fc␥Rs were used. These include Fc␥RII Ϫ/Ϫ , Fc␥RIII Ϫ/Ϫ , and common ␥ chain-deleted mice that lack Fc␥RI and Fc␥RIII (Fc␥RI Ϫ/Ϫ and Fc␥RIII Ϫ/Ϫ ) (20, 21) . These mice were inoculated with the standard dose of bacteria and adoptively transferred naive or convalescent-phase serum as previously described. Convalescent serum had little effect on bacterial numbers in mice lacking all three Fc␥Rs, but rapidly cleared bacteria from the lungs of mice lacking one or two Fc␥Rs (Fig. 5B) . These data indicate that no specific Fc␥R is required and suggest that the presence of any single Fc␥R is sufficient for Ab-mediated bacterial clearance in the lungs.
The inability of Fc␥R Ϫ/Ϫ mice to rapidly eliminate bacteria upon adoptive transfer of Abs could be due to either the absence of Fc␥R bearing cells at the site of infection or the failure of these cells to phagocytose opsonized bacteria. To differentiate between these two possibilities, we analyzed the inflammatory cell recruitment (neutrophils, macrophages, and lymphocytes) in the lungs of Fc␥R Ϫ/Ϫ mice in response to bacterial infection. There was no significant difference between the total number of inflammatory cells or individual cell populations recovered from the lungs of wild-type and Fc␥R Ϫ/Ϫ mice (Fig. 6) , suggesting no impairment of cellular recruitment in Fc␥R Ϫ/Ϫ mice. Furthermore, histopathology of lungs from wild-type and Fc␥R Ϫ/Ϫ mice infected with B. bronchiseptica did not reveal a significant difference in inflammation (data not shown). These results suggest that the failure of Fc␥R Ϫ/Ϫ mice to clear bacteria upon adoptive transfer of Abs is not due to a defect in recruitment of phagocytic cells but may be due to the impaired phagocytosis of opsonized bacteria.
Complement and CR3 are required for Ab-mediated bacterial clearance in the lower respiratory tract
Complement can augment the effect of Ab-mediated bacterial clearance in vivo by enhancing phagocytosis via Fc␥Rs or by direct bacterial lysis (29) . Abs bound to bacteria can activate complement resulting in downstream effects such as lysis via MAC release of chemoattractants C3a and C5a, and iC3b-mediated opsonization (5, 30, 31) . Because the combination of Ab and complement-mediated opsonization can synergistically increase phagocytosis, we evaluated the role of complement using mice that lack C3, the central complement component required for both classical and alternate activation pathways. Groups of wild-type (C57BL/6) and C3 Ϫ/Ϫ mice were inoculated and adoptively transferred either naive or convalescent-phase serum as previously described. Recovery of bacteria from these mice was analyzed on days 1 and 3 postinoculation in the respiratory organs. Wild-type mice treated with convalescent-phase serum rapidly reduced bacterial numbers in the trachea and lungs by day 1 and completely cleared the bacteria by day 3 postinoculation (Fig. 7A) . However, C3
Ϫ/Ϫ mice failed to reduce bacterial numbers from the trachea and lungs on days 1 and 3 postinoculation and harbored 1000-to 100,000-fold higher CFU than wild-type mice (Fig. 7A) . These results indicate that C3 is necessary for the Ab-mediated clearance of bacteria. These data along with data from Fc␥R Ϫ/Ϫ mice suggest that Ab-mediated neutralization of bacterial adhesins or toxins is not sufficient to clear the bacteria from the lower respiratory tract.
To investigate whether Ab-mediated bacterial clearance in vivo is via MAC-mediated lysis we used mice that lack C5, which is essential for MAC formation and C5a release (29) . Groups of wildtype and isogenic C5 Ϫ/Ϫ mice were inoculated and adoptively transferred 200 l of naive or convalescent-phase serum as previously described. Both wild-type and C5
Ϫ/Ϫ mice treated with convalescent, but not naive serum, cleared bacteria from the trachea and lungs (Fig. 7B) , indicating that C5-dependent mechanisms such as MAC formation and C5a release are not necessary for complement-dependent Ab-mediated bacterial clearance.
Because C3 is required for the release of the chemoattractant C3a, we investigated whether C3 is required for inflammatory cell recruitment by enumerating the lung leukocytes recovered from wild-type and C3 Ϫ/Ϫ mice. Wild-type and C3 Ϫ/Ϫ mice were inoculated with bacteria, and the number of neutrophils, macrophages, and lymphocytes were enumerated in the lungs 12 h postinoculation. No significant differences in the total number of cells or individual cell populations were noted between wild-type and C3 Ϫ/Ϫ mice (Fig. 6) . Total neutrophil counts were slightly increased both in wild-type and C3
Ϫ/Ϫ mice after they were treated with convalescent-phase serum (Fig. 6) . Furthermore, histological evaluation of lungs from wild-type and C3
Ϫ/Ϫ mice inoculated with bacteria showed similar levels of cellular infiltrates and inflammation (data not shown). Thus, no significant impairment in the inflammatory cell recruitment was observed in the absence of C3a and C5a in response to bacteria or transfer of serum Abs.
Because complement appears to be required for functions other than direct lysis or cellular recruitment, we hypothesized that it may mediate complement-dependent opsonization via CR3 present on phagocytes such as neutrophils. To investigate the importance of CR3, wild-type (C57BL/6) and CD11b
Ϫ/Ϫ (CR3 Ϫ/Ϫ ) mice were inoculated with B. bronchiseptica and adoptively transferred 200 l of either naive serum or convalescent-phase serum. CR3
Ϫ/Ϫ mice treated with naive serum harbored similar numbers of bacteria in the various respiratory organs on day 3 postinoculation as that of wild-type mice (Fig. 7C) . However, CR3
Ϫ/Ϫ mice treated with convalescent-phase serum harbored bacterial numbers that were ϳ100-fold higher in the trachea and 10,000-fold higher in the lungs when compared with similarly treated wild-type mice (Fig.  7C ). These data indicate that CR3 contributes to efficient Ab-mediated bacterial clearance. Together, these data suggest that complement is required for opsonization and phagocytosis but not for C3a-and C5a-dependent chemotaxis or for direct lysis of bacteria.
Discussion
Elucidation of the immune mechanisms that eliminate pathogens from the body is essential for the design of therapeutic and prophylactic measures against various infectious diseases. Although a large body of literature is available on the role of cell-mediated and humoral immune responses and their specific mechanisms in eliminating bacteria from systemic organs such as liver, kidneys, etc, that of respiratory organs is less well studied. Abs are believed to play a major role in immunity to respiratory pathogens such as S. pneumoniae, H. influenzae, and P. aeruginosa (32) (33) (34) . However, the mechanisms behind Ab-mediated clearance of these extracellular pathogens are not completely understood. Much of the current understanding of how Abs may facilitate clearance of S. pneumoniae and P. aeruginosa come from in vitro studies using mAbs (16, 35) . However, the in vivo mechanisms of Ab-mediated bacterial clearance are likely to be more complicated than the findings of in vitro studies imply. In this study, we describe the complex mechanisms required for the Ab-mediated clearance of the natural mouse respiratory pathogen B. bronchiseptica.
Previously, we have shown that adoptive transfer of convalescent-phase serum rapidly clears B. bronchiseptica from the lungs and tracheas of mice (10) . Using this approach, we found that TLR4 is critical in the Ab-mediated clearance of B. bronchiseptica. Although TLR4 has been shown to play an important role in the generation of an effective adaptive immune response (17) , our data show that TLR4 is also critical in the function of Abs in clearing a bacterium. It is interesting that convalescent but not vaccinated TLR4 d mice were able to mount an effective immune response against subsequent bacterial challenge. Recently, we have determined that the mechanism of infection-induced immunity differs from vaccine-induced immunity (L. Gopinathan and E. T. Harvill, unpublished observation). Our preliminary results suggest that infection-induced immunity induces a potent mucosal immune response in addition to local Th1 response, whereas vaccination induces primarily serum Abs and little local T cell response (L. Gopinathan and E. T. Harvill, unpublished observation), which could potentially explain the differential requirement for TLR4. We also observed that TLR4 is required for the early recruitment of PMN to the lungs and those PMN are necessary for Ab-mediated clearance of bacteria.
Complement is essential for Ab-mediated clearance of B. bronchiseptica, although the role of MAC-mediated lysis, and C3a-and C5a-mediated cellular recruitment appears to be limited. These findings were surprising because the MAC kills this bacterium in vitro (33) and C5a is an extremely potent chemoattractant (5, 31). We have not ruled out the possibility that C3a plays an important role in the activation of the recruited cells. However, our observation that CR3
Ϫ/Ϫ mice are unable to clear B. bronchiseptica from the lower respiratory tract even upon transfer of convalescent-phase serum suggests that C3 is required for iC3b-mediated opsonization which facilitates Ab-mediated phagocytosis and clearance of B. bronchiseptica. Fc␥Rs were also found to be essential for bacterial clearance from the lungs, although the presence of any single Fc␥R appears to be sufficient to clear opsonized bacteria. These results are consistent with previous reports describing synergy between Fc␥Rs and CR3 in phagocytosis and cell activation (29) . Together, these data suggest a model for how Abs mediate the clearance of B. bronchiseptica from the lower respiratory tract of mice: B. bronchiseptica induced inflammation via TLR4 is critical in the initial cellular recruitment of Fc␥R-and CR3-bearing PMN that phagocytose Ab-and iC3b-coated bacteria. Further analysis of the interaction of innate immune receptors, complement, and Fc␥Rs in bacterial clearance is in progress.
It is widely accepted that there are significant differences in the immune responses generated in the upper and lower respiratory tracts (36) . This is reflected by the fact that the upper respiratory tract is more permissive of bacterial colonization than the lower respiratory tract (37) . In our model, serum Abs have no effect on the bacterial numbers in the nasal cavity but can rapidly clear B. bronchiseptica from the trachea and lungs (10) . Our data further suggest that there are significant differences in the mechanism of Ab-dependent bacterial clearance within the various regions of the lower respiratory tract. Fc␥Rs are not required for the Ab-mediated clearance of B. bronchiseptica from the trachea but are essential in the lungs. C3, but not C5, is required in both organs. This finding suggests that the serum Ab-initiated complement activation and iC3b deposition are sufficient for efficient phagocytosis in the trachea. The additional requirement for Fc␥Rs in the lungs may reflect the different physiology of this organ. In the absence of the powerful mucociliary escalator function of the trachea, the immune response in the lungs may be dependent upon the more efficient phagocytosis and/or killing of opsonized bacteria via both Fc␥Rs and CR3. It is also possible that this interesting organspecific requirement for Ab effector function may reflect the different risks and benefits of immune activation in different regions of the respiratory tract.
The current vaccines to many bacterial pathogens are either inactivated or subunit vaccines that generate potent serum Ab responses and are effective in preventing disease symptoms upon infection. However, they often fail to provide sterilizing immunity or prevent subclinical infections, allowing these bacteria to transiently infect immune individuals and circulate in a population (38 -40) , which presents an ongoing health risk to unvaccinated, immunocompromised, very young, and elderly populations. Because the objective of an ideal vaccine is not only to prevent disease but also to prevent spread of the pathogen, understanding the molecular mechanisms of bacterial clearance will provide a rationale to modifying the existing vaccination strategies to improve long lasting protection from infection. Our current studies delineate the mechanisms involved in Ab-mediated bacterial clearance of the prototypical respiratory pathogen B. bronchiseptica. Because both Fc␥Rs and complement are required in the lungs, vaccines may be more effective if they induce isotypes of Abs that efficiently activate complement as well as those that bind Fc␥Rs. The contributions of different Ab effector functions, as well as the stimulation of PRRs, may be necessary for efficient elimination of bacterial respiratory pathogens. The absolute requirement for multiple components also raises the possibility that pathogens could avoid clearance by inhibiting any one of a complex interactive system of immune functions.
